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ABSTRACT
We present 236 new radial velocities of galaxies in the cluster A2256 measured with the WIYN Hydra
Multi-Object Spectrograph. Combined with the previous work of Fabricant, Kent, & Kurtz, we have veloc-
ities for a total of 319 galaxies, of which 277 are cluster members. In addition to the new radial velocities, we
present a 3 3 image mosaic in the R band of the central 190  190 region of A2256, from which we obtained
photometry for 861 galaxies. These data provide strong evidence for a merger event between two groups. In
addition, we present evidence for the presence of a third group, on the outer reaches of the system, that is just
now beginning to merge with the system.
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1. INTRODUCTION
Originally thought to be a highly relaxed or evolved clus-
ter, A2256 was shown by Dressler (1978) to display evidence
for equipartition in energy. With a richness class 2, A2256 is
surpassed only by 5% of the clusters found in Abell’s (1958)
catalog. Faber & Dressler (1977) measured the velocity dis-
persion to be 1351 km s1, making it one of the highest
velocity dispersions of known galaxy clusters. Carter &
Metcalfe (1980) showed the galaxy distribution to be ellipti-
cal. Fabricant, Kent, & Kurtz (1989) increased the number
of measured radial velocities to 89 and found a ﬂat velocity
histogram. They ﬁrst suggested the presence of substructure
and interpreted this as indicating that A2256 represents a
merger in progress.
In the X-ray, A2256 is a luminous and hot cluster with a
central temperature of7 keV. First imaged by the Einstein
IPC, the X-ray emission from A2256 was found to depart
signiﬁcantly from spherical symmetry (Fabricant, Rybicki,
& Gorenstein 1984). Observations by ROSAT resolved the
nonspherical X-ray emission into two maxima in the central
region of the cluster (Briel et al. 1991). Briel & Henry (1994)
used several Position Sensitive Proportional Counter
(PSPC) observations to obtain a temperature map of
A2256. They found an extremely complicated temperature
structure with two opposing 12.0 keV lobes almost perpen-
dicular to a proposed infall direction for the two merging
subgroups. However, the uncertainties of this temperature
map are large. Later observations by ASCA did not observe
a similar central temperature structure but did ﬁnd a steep
radial temperature proﬁle in agreement with ROSAT data
(Markevitch 1996).
A2256 also exhibits a number of striking features in the
radio regime, as discussed by Ro¨ttgering et al. (1994). It has
at least four galaxies with head-tail morphologies, placing it
among three to four other clusters with comparable num-
bers of conﬁrmed head-tail radio features. It also contains
one of the longest and narrowest head-tail structures at 700
kpc in length and less than 2.5 kpc in width. A Z-shaped
structure with an ultrasteep spectrum has been tentatively
identiﬁed with a cluster galaxy, but it eludes deﬁnitive iden-
tiﬁcation. The most pronounced radio features in A2256 are
two extended halos with spatial dimensions that are esti-
mated at 1:0 0:3Mpc.
A2256 is well suited for the study of substructure and the
role of dominant galaxies. Its optical structure is very much
like that of the Coma Cluster (A1655) with a central pair of
dominant galaxies, each at the center of a concentration of
fainter galaxies. The galaxy distribution also indicates the
likely presence of the substructure that is seen in the X-ray
images. In this paper we present new optical imaging of
the central region of the cluster and 278 new radial
velocities obtained with the Wisconsin-Indiana-Yale-
NOAO (WIYN) telescope. In x 2 we describe both new
imaging and spectroscopy obtained by theWIYN telescope.
We also include the results of the data analysis. In x 3, we
review the statistical methods for searching for substruc-
ture. In x 4 we include a discussion of the implications of the
observations and the statistical tests. In x 5 we summarize
the results of this study.
2. DATA
2.1. CCD Imaging Observations
Since previous study of the galaxy distribution in A2256
has been based on scans of Palomar Observatory Sky Sur-
vey plates (Fabricant et al. 1989), we obtained deep CCD
images of the central region of A2256. We used the WIYN
3.5 m telescope at the Kitt Peak National Observatory
(KPNO) to acquire a total of 18 images in the form of a
3 3 mosaic centered on the cluster’s center of
 ¼ 17h4m1 91,  ¼ 783803>6 (J2000.0). At the time of these
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observations, the WIYN imager used a 2k 2k Tektronix
CCD to image a 6<7 square ﬁeld at a scale of 0>20 pixel1.
We obtained two 600 s Kron-Cousins R-band (RKC)
exposures per ﬁeld. The ﬁelds are labeled east to west by C,
D, and E and north to south by 3, 4, and 5. The central ﬁeld
D4 of the mosaic is centered on the cluster center. The sur-
rounding ﬁelds were oﬀset by steps of 6<2 in R.A. and decl.,
resulting in a 100 pixel overlap in ﬁelds. However, a small
portion of the sky was missed between images D5 and E5 as
a result of an error in telescope pointing. Otherwise, cover-
age was complete over the entire mosaic. Table 1 shows the
R.A. and decl. of the center of each image frame, as well as
the observation date.
We used the IMRED.CCDRED package in IRAF2 to
reduce the images. All images were bias subtracted, ﬂat
ﬁelded, and dark current subtracted. In addition, each
frame contains a dead column and a hot column that were
removed using the FIXPIX procedure. Each frame pair was
co-added by the IMCOMBINE procedure after being
matched, translated, and rotated by the GEOMAP/GEO-
TRANprocedures. Most images required a shift of less than
a pixel. However, a few images were taken with an appreci-
able diﬀerence in time between the two pair members and
thus required shifts on the order of 50–100 pixels.
To ﬁnd galaxy positions, we used the Faint Object Classi-
ﬁcation and Analysis System (FOCAS) to locate and pro-
duce positions for all the galaxies within each frame. To
perform the astrometry, we obtained a list of approximately
300 stars within the 3 3 WIYN mosaic from the Digital
Sky Survey (DSS) Quick-V scans. Any star found to be satu-
rated on a WIYN image was removed from the list. The
unsaturated stars were centroided on each WIYN frame
and used to ﬁnd a plate solution, based on at least 20 stars.
We used FOCAS to perform the photometry on each
WIYN frame. Instrumental magnitudes were obtained from
all the ﬁelds and transformed into the RKC band. To correct
for Galactic extinction, we adopt the relation
ARKC ¼ 2:47EðBVÞ ;
which was obtained from the transformations of Fernie
(1983). Values of E(BV ) were obtained from the color
excess maps of Burstein & Heiles (1982). K-corrections con-
form to the procedures described by Postman & Lauer
(1995) and Pence (1976).
From the 3 3WIYN image mosaic, we obtained a cata-
log of 861 galaxies. All matches from overlapping CCD
frames were removed to prevent any redundancy. Because
the astrometry was done using a diﬀerent set of stars for
each frame, all the matches were extracted and their posi-
tions were checked against each other to estimate the accu-
racy of the astrometry. A total of 30 matching pairs were
found, and the diﬀerence in positions was calculated. Astr-
ometry of the matching pairs is susceptible to a number of
errors. The plate solution is worst at the edge of the plate
since the distribution of the stars used in ﬁnding the plate
solution may not fully cover the CCD from edge to edge.
Because galaxies are extended objects, portions of galaxies
near the edge of aWIYN frame are sometimes missing from
the image. For these galaxies, the image that contained the
entire galaxy was used for both the photometric and astro-
metric work. By comparing the matching pairs of galaxies
on adjacent WIYN frames, we estimate accuracy of the gal-
axy positions to be 0>3.
2.2. Spectroscopy
We report radial velocity measurements for 278 galaxies,
of which 48 are in common with the samples measured by
Fabricant et al. (1989) and Faber & Dressler (1977). By
combining these new measurements with velocities for 41
additional galaxies from these two previous studies, we have
developed a sample of 319 galaxy velocities for our analysis.
All new radial velocities were obtained using the Hydra
Multi-Object Spectrograph on theWIYN 3.5 m telescope at
KPNO. Both the imaging data and the spectroscopic data
were taken over several runs. An observation log for the
spectroscopic data is given in Table 2.
In addition to the 861 galaxy catalog obtained from the
WIYN 3 3 image mosaic, we obtained an image from the
DSS Quick-V scans. Using the FOCAS package, we
obtained a list of galaxies within 0=5 of the cluster center.
The combination of this list with the catalog from the
WIYN 3 3 image mosaic and the galaxy list from Fabri-
cant et al. (1989) produced a total list of 1090 galaxies,
which was used in the galaxy selection.
The Hydra spectrograph contains 250 ports within which
are placed ﬁbers that act as apertures for the spectrograph.
Either of two 100 ﬁber cable sets may be selected, one opti-
mized for the blue and one for the red. Galaxy selection was
carried out using the WHYDRA program, which optimizes
ﬁber placement based on a set of user-deﬁned weights, sub-
ject to a set of ﬁber placement rules. Our method assigned
2 IRAF is distributed by theNational Optical AstronomyObservatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
TABLE 1
Field Centers
Field
(1)
R.A.
(J2000.0)
(2)
Decl.
(J2000.0)
(3)
Run
(4)
C3 ...... 17 06 07.5 78 44 25.0 1996 Jun
C4 ...... 17 06 08.3 78 38 25.0 1996 Jun
C5 ...... 17 05 58.0 78 32 50.7 1997 Jul
D3...... 17 03 52.0 78 44 11.0 1996 Jun
D4...... 17 04 01.8 78 38 11.4 1996 Jun
D5...... 17 04 04.2 78 31 41.7 1997 Jul
E3 ...... 17 01 41.0 78 44 00.0 1996 Jun
E4 ...... 17 01 45.4 78 37 29.0 1996 Jun
E5 ...... 17 01 40.0 78 32 40.0 1996 Jun
Note.—Units of right ascension are hours,
minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds.
TABLE 2
Hydra Observation Log
ObservationDate
(1)
Grating
(2)
Central 
(nm)
(3)
Fibers
(4)
Exposure
(s)
(5)
1996 Jun................. 360 at 7.0 750.0 Red 3 1800
1997 Jun................. 600 at 13.9 580.0 Blue 2 3600
1998 Jun................. 600 at 13.9 570.0 Blue 2 3600
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weights according to the magnitude of the galaxy and
required that at least 20 ﬁbers be placed on blank sky.
For the 1996 June run, we chose the 500–1000 nm band
and the red cable to observe the H, H, Mg b, and Na D
lines. The red ﬁber set uses a 200 size ﬁber that is optimized
for the 450–1000 nm wavelength range. Because of the pres-
ence of strong sky lines, the spectra redward of 700 nm
were not usable for velocity measurements. Exposure sets of
3 30 minutes were used for the ﬁrst two ﬁelds and 2 20
minutes for the third ﬁeld. For the 1997 June and 1998 June
runs, we chose a higher dispersion and the blue cable to con-
centrate on the 430–720 nm region. The blue ﬁber set uses a
300 size ﬁber. The exposure sets with the blue cable were all
2 1 hr. We bracketed each set for both runs by a Th-Ar
comparison lamp exposure for wavelength calibration.
Each exposure was bias subtracted using the IRAF
CCDRED package. All spectra were ﬂat ﬁelded, dispersion
corrected, and extracted using the IRAFHYDRA package.
A minimum of 20 ﬁbers were used to obtain sky spectra,
which were combined to form a sky spectrum template. All
galaxy spectra were then sky subtracted. The only problem-
atic sky feature was the 557.7 nm [O i] line. Although it
usually subtracted cleanly, it was sometimes necessary to
remove it manually. All exposures for each setup were aver-
aged together using a 3  cosmic-ray clip. Figure 1 shows a
typical spectrumwith target lines marked.
We extracted radial velocities using the IRAF FXCOR
package. For both the red and blue cable setups, only the
450–720 nm spectral region was used in determining the
radial velocities. Three templates of objects with known
radial velocities were obtained for the cross-correlation.
Two stellar templates, AGK 224 and HD 223094, and one
galaxy template, NGC 7331, of radial velocities49.5, 26.0,
and 819.0 km s1, respectively, were each used to obtain the
heliocentric velocity of each galaxy.
Depending on the spectrograph setup and galaxy magni-
tude, the uncertainties of the radial velocities varied over the
range of 10–120 km s1 with a median uncertainty of 52 km
s1. In the 1996 June run, a total of 31 galaxies done by Fab-
ricant et al. (1989) were redone. Figure 2 shows a compari-
son of our measured velocities with those of Fabricant et al.
(1989) as a function of mr. The mean oﬀset is 55 km s1,
with a standard deviation of 98 km s1 and an error of the
mean of 18 km s1. While the mean oﬀset is somewhat larger
than expected, it is still small compared with the combined
measurement errors for the two studies.
In addition to the velocities redone in the 1996 June run,
45 galaxies from Fabricant et al. (1989) were redone in the
1997 June and 1998 June runs. We performed a comparison
of these galaxy velocities with both those that were mea-
sured in 1996 June and those of Fabricant et al. (1989). We
found all the velocities measured in 1997 June and 1996
June to be consistent with each other within the 1  level.
The oﬀset between the values measured by Fabricant et al.
(1989) and our values persisted in the 1997 June and 1998
June measurements, with a mean oﬀset of 70 km s1, a
standard deviation of 84 km s1, and an error of the mean
of 13 km s1. Figure 3 shows a comparison between the
Fabricant et al. (1989) and the 1996 June runs versus the
magnitude mr. We checked the wavelength of the 557.7
nm skyline to check for any instrument-dependent oﬀsets.
No such oﬀsets were found in any of the HYDRA setups.
Because our two spectrograph setups used not only diﬀerent
ﬁbers but also diﬀerent central wavelengths and gratings, we
conclude that the oﬀset between our values and those of
Fabricant et al. (1989) most likely reﬂects the lower accu-
racy of the previous study. In any case, the oﬀset is within
the measurement errors.
All radial velocity data obtained in the WIYN observing
runs described in Table 2 are reported in Table 3. For each
velocity reported by the IRAF FXCOR package, a visual
check between the velocity standard and the cluster galaxy
was performed to avoid accidental selection of any spurious
peaks in the cross-correlation. During the three nights a
total of ﬁve diﬀerent setups were used for A2256. In each
setup, at least 20 ﬁbers were used to obtain the sky spectra,
and on average 11 ﬁbers were used for the previously mea-
sured galaxies. The remaining 50 ﬁbers were used for gal-
axies selected from the DSS Quick-V scans.
Fig. 1.—Example reduced galaxy spectrum with the target lines marked.
H is often redshifted into the telluric feature at 680 nm, as is the case here.
Fig. 2.—Diﬀerence between the velocities from Fabricant et al. (1989)
and ours from the 1996 June run. We ﬁnd a mean diﬀerence of 55 km s1
with a standard deviation of 98 km s1. The error bars are 1  error bars as
calculated from the quadratic sum of the two uncertainties.
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Figure 4 shows the fraction of galaxies with radial veloc-
ity measurements versus RKC magnitude for the combined
data set. All magnitudes were converted to the RKC magni-
tude system for comparison. Galaxies without magnitude
information were not used in the determination of the frac-
tion of galaxies with radial velocities.
2.3. Catalog
We present the results of our galaxy spectroscopy in
Table 3.3 Column (1) contains a galaxy identiﬁcation num-
ber that will be used throughout this paper. Columns (2)
and (3) give the equatorial coordinates of each galaxy in the
J2000.0 epoch. All galaxies are sorted by increasing R.A.
Column (4) contains the total RKC-band magnitude of the
galaxy as reported by FOCAS. The previous studies of
Faber & Dressler (1977) and Fabricant et al. (1989) provide
isophotal magnitudes. We ﬁrst compared the Fabricant et
al. (1989) rmagnitudes with ourRKC magnitudes and found
a systematic diﬀerence that is similar to what they noted
when comparing their magnitudes with the F magnitudes
reported by Faber & Dressler (1977). Column (5) reports
the 1  error on the RKC magnitudes reported in column (4).
Column (6) presents the radial velocities obtained either in
the present study or in the previous studies of Faber &
Dressler (1977) and Fabricant et al. (1989). The new velocity
measurement is reported for those galaxies that were
remeasured. Column (7) reports the 1  velocity errors of
the velocities in column (5). As indicated in column (5),
these errors are either as reported from the IRAF FXCOR
package or as reported in the previous studies. All cross
identiﬁcations between Fabricant et al. (1989) and the cur-
rent work are indicated in column (8).
3. ANALYSIS
3.1. The Search for Substructure
If a galaxy cluster is a dynamically relaxed system, then
the spatial distribution of galaxies should be approximately
spherical and the velocity distribution should be approxi-
mately Gaussian. The presence of substructure indicates a
departure from this quasi-equilibrium state. Substructure is
indicated by at least one of the following: (1) signiﬁcant
multiple peaks in the galaxy position distribution, (2) signif-
icant departures from a single-Gaussian velocity distribu-
tion, and (3) correlated deviations from the global velocity
and position distributions. This section presents the results
of a battery of statistical tests that we applied to search for
such substructure. Table 4 provides a brief description of
each test that we applied to the data, along with references
to more thorough descriptions.
Following Yahil & Vidal (1977), we performed a 3  clip
on the velocity sample to ﬁlter out likely foreground and
background galaxies. An alternative technique to ﬁlter out
the foreground and background galaxies, based on gaps in
the velocity histogram, has been proposed by Zabludoﬀ et
al. (1993). We chose the 3  clip technique because the sam-
ple returned from the alternative technique diﬀered by at
most two galaxies at the high-redshift end of the velocity
histogram. All the statistical tests were run on both the 3 
clip data set and a 5  clip data set. The results were unaf-
fected by the diﬀerent populations. The 3  clip reduced the
sample of 319 galaxies to 277 members. The galaxies
removed from the sample consisted largely of galaxies from
Fig. 3.—Diﬀerence between the velocities from Fabricant et al. (1989)
and ours from the 1997 June and 1998 June runs. We ﬁnd a mean diﬀerence
of 70 km s1 with a standard deviation of 84 km s1. The error bars are 1 
error bars as calculated from the quadratic sum of the two uncertainties.
Fig. 4.—Fraction of galaxies with measured radial velocities as a func-
tion of RKC magnitude. Only galaxies with measured magnitudes are
included in the ﬁgure. All magnitudes from Fabricant et al. (1989) were
converted to RKC magnitude. As is shown above, the sample in Table 3
includes about 70% of the galaxies out to 18thmagnitude.
3 Table 3 contains only the galaxies with measured redshifts. The entire
galaxy catalog of 1090 galaxies that combines those galaxies obtained from
Fabricant et al. (1989) and the WIYN 3 3 mosaic will be made available
electronically from the Astronomical Data Center (ADC). The ADC’s
Internet site hostsWorldWideWeb and ftp access to the ADC’s archives at
http://www.gsfc.nasa.gov.
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TABLE 3
Galaxy Catalog for A2256
Number
(1)
R.A.
(J2000.0)
(2)
Decl.
(J2000.0)
(3)
RKC
(4)
mr
(5)
cz
(km s1)
(6)
1 Velocity Error
(km s1)
(7)
Fabricant
Number
(8)
10............ 16 54 05.8 78 37 42.8 14.66 16710.4 36.4 11
13............ 16 54 26.2 78 36 56.2 16649.1 47.9
15............ 16 54 26.3 78 33 41.9 14.72 16197.4 44.7 14
17............ 16 54 45.5 78 33 07.8 16032.4 47.3
19............ 16 55 11.5 78 30 16.6 59267.5 49.2
20............ 16 55 32.0 78 32 02.3 16.16 16179.6 34.9 17
22............ 16 55 50.5 78 51 00.1 18346.6 44.8
23............ 16 55 59.8 78 46 15.7 16.05 18436.9 52.0 19
24............ 16 56 09.2 78 56 36.2 15.75 17851.4 46.3 20
25............ 16 56 15.5 78 55 09.1 18308.9 47.7
26............ 16 56 18.8 78 32 07.2 18374.3 33.7
28............ 16 56 40.9 78 37 04.5 17867.8 33.4
29............ 16 56 47.2 78 46 58.5 16.40 16947.3 46.3 23
30............ 16 56 48.2 78 31 30.0 59465.4 58.1
31............ 16 56 56.6 78 58 57.5 57833.1 52.5
33............ 16 57 01.6 78 39 27.6 16.58 18835.7 46.8 24
34............ 16 57 05.5 78 32 48.1 16.04 16494.7 31.0 25
35............ 16 57 14.8 78 21 20.4 59241.4 59.3
36............ 16 57 17.5 78 47 05.1 18199.9 34.9
37............ 16 57 42.2 78 35 30.7 19386.7 40.9
38............ 16 57 53.1 78 37 24.3 17432.1 47.6
39............ 16 57 56.1 78 38 30.1 18085.7 57.6
40............ 16 57 58.7 78 36 14.9 15.77 4253.1 44.6 27
41............ 16 58 01.2 78 33 46.0 15.40 19202.0 40.0 28
42............ 16 58 04.7 78 39 38.2 17975.8 39.4
43............ 16 58 09.3 78 43 05.0 17143.6 46.1
45............ 16 58 18.0 78 29 33.8 14.77 17881.9 46.5 29
46............ 16 58 20.8 78 43 26.1 15909.3 51.6
47............ 16 58 42.4 79 07 19.3 53343.8 60.9
48............ 16 58 46.6 78 25 22.0 15.18 15635.2 49.2 30
49............ 16 58 51.1 78 55 11.6 18086.7 47.6
50............ 16 58 51.4 78 30 59.5 16.11 18504.0 44.0 31
51............ 16 58 53.0 78 46 16.1 19347.7 66.1
52............ 16 59 11.5 78 37 13.1 16629.6 42.9
53............ 16 59 12.6 78 33 32.7 59325.7 68.0
54............ 16 59 19.4 78 48 22.6 15126.3 38.5
55............ 16 59 25.6 79 05 12.6 16.22 18143.1 57.1 33
56............ 16 59 30.8 78 43 25.1 16943.7 37.3
57............ 16 59 37.2 78 29 43.1 16.17 15639.8 55.0 32
58............ 16 59 42.8 78 37 08.6 53413.1 49.8
59............ 16 59 48.0 78 42 04.3 16595.6 48.9
60............ 16 59 49.0 78 58 19.8 17638.5 36.4
61............ 17 00 09.7 78 59 25.7 52218.3 108.0
62............ 17 00 10.7 79 00 15.8 16.44 17414.7 69.7 37
63............ 17 00 11.2 79 03 32.1 17667.5 34.2
64............ 17 00 15.7 78 34 24.5 16.30 18355.0 62.0 34
65............ 17 00 19.5 78 48 37.1 16.13 15332.0 47.0 38
66............ 17 00 20.0 78 33 55.7 16.71 16372.4 55.4 35
67............ 17 00 21.3 78 47 20.2 16.12 18931.0 32.0 40
68............ 17 00 23.1 78 42 06.2 16.77 17637.9 29.4 39
69............ 17 00 25.4 78 30 39.8 16.32 17358.3 30.8 36
70............ 17 00 25.5 78 49 26.6 15375.6 51.7
71............ 17 00 27.9 78 30 57.9 18153.8 29.7
72............ 17 00 29.2 78 38 04.6 16.40 17775.0 54.0 41
73............ 17 00 29.9 78 56 10.9 16.39 15237.0 47.0 43
74............ 17 00 31.7 78 40 12.3 15.77 17887.3 40.7 42
79............ 17 00 39.7 78 57 00.1 18383.2 44.7
80............ 17 00 40.2 78 41 10.0 16.77 0.08 16284.2 33.8
86............ 17 00 50.7 78 49 49.3 16.31 17357.0 43.0 45
87............ 17 00 51.3 78 43 49.2 18.10 0.08 15916.8 42.3
88............ 17 00 52.0 78 41 21.9 15.39 0.07 15.89 17325.0 39.0 44
96............ 17 00 56.9 78 36 13.0 16.74 0.07 18281.5 32.4
99............ 17 00 59.0 78 45 00.1 15.29 0.08 15.58 16136.7 52.8 46
TABLE 3—Continued
Number
(1)
R.A.
(J2000.0)
(2)
Decl.
(J2000.0)
(3)
RKC
(4)
mr
(5)
cz
(km s1)
(6)
1 Velocity Error
(km s1)
(7)
Fabricant
Number
(8)
101 .......... 17 00 59.7 79 05 10.0 16.58 18233.8 47.7 48
102 .......... 17 00 59.9 78 45 31.8 17.31 0.08 17027.8 46.8
116 .......... 17 01 10.5 78 43 36.3 15.08 0.08 15.29 16122.9 43.3 47
119 .......... 17 01 11.2 79 05 31.0 16.18 18538.2 31.4 50
125 .......... 17 01 13.8 78 47 27.9 18590.7 83.6
138 .......... 17 01 20.2 78 45 19.8 18.02 0.08 16969.8 15.1
142 .......... 17 01 23.1 78 41 15.8 16.28 0.08 15.73 16217.0 67.0 49
152 .......... 17 01 29.4 78 36 08.0 15.77 0.07 16.16 17963.5 42.3 52
154 .......... 17 01 30.4 78 31 52.5 16.73 0.08 16.69 17674.6 67.6 51
155 .......... 17 01 31.2 78 40 10.9 19.38 0.07 19673.6 15.3
157 .......... 17 01 33.8 78 49 57.3 15668.7 43.3
158 .......... 17 01 34.3 78 50 45.9 19518.4 15.1
166 .......... 17 01 38.2 78 43 16.7 17.09 0.08 17065.0 83.2
178 .......... 17 01 43.8 78 36 53.6 17.08 0.07 18096.1 85.0
179 .......... 17 01 44.4 78 46 06.2 17.86 0.08 51759.5 93.7
183 .......... 17 01 46.4 78 53 32.0 14864.3 36.5
186 .......... 17 01 47.5 78 51 23.9 34075.9 44.8
187 .......... 17 01 48.8 79 02 16.8 13.79 19302.7 59.6 54
200 .......... 17 01 58.1 78 42 38.4 16.65 0.08 14834.6 40.5
205 .......... 17 02 03.5 78 32 51.4 17.87 0.08 17506.9 37.2
207 .......... 17 02 05.0 78 45 46.0 15.53 0.08 15.78 17698.6 76.2 55
208 .......... 17 02 05.8 78 17 29.1 15.55 18001.0 47.0 53
209 .......... 17 02 06.3 78 28 21.6 16249.2 82.3
215 .......... 17 02 10.3 78 45 29.6 15.78 0.08 16.02 17988.0 43.0 57
217 .......... 17 02 10.9 78 51 31.0 16.12 19421.0 59.0 59
225 .......... 17 02 14.7 78 35 47.7 15.87 0.08 15.64 18756.9 39.3 56
228 .......... 17 02 16.3 78 54 11.6 19559.3 48.2
230 .......... 17 02 16.7 78 43 17.4 16.05 0.08 16.56 17991.6 37.7 60
231 .......... 17 02 16.8 78 38 18.7 16.22 0.07 16.67 15678.9 41.3 58
232 .......... 17 02 17.5 78 45 52.6 16.29 0.08 16.74 19907.4 66.3 61
233 .......... 17 02 18.1 78 46 03.8 15.62 0.08 15.96 19643.0 43.8 63
236 .......... 17 02 19.8 78 36 13.1 16.08 0.07 15577.5 75.7
240 .......... 17 02 21.3 78 45 02.4 16.82 0.08 17550.1 33.5
242 .......... 17 02 22.4 78 35 38.5 16.16 0.08 16.61 16705.0 34.2 62
243 .......... 17 02 23.3 79 06 16.3 17300.0 46.0
249 .......... 17 02 26.6 78 44 49.9 16.56 0.08 16865.1 36.4
251 .......... 17 02 27.5 78 55 05.7 15036.8 79.8
256 .......... 17 02 31.3 78 43 05.4 16.19 0.08 16.68 15419.0 60.0 64
262 .......... 17 02 34.2 78 39 37.6 16.25 0.07 17800.3 30.7
265 .......... 17 02 34.6 78 31 28.9 17.56 0.08 16665.0 65.4
266 .......... 17 02 35.7 78 48 12.5 16828.9 36.6
267 .......... 17 02 36.0 78 45 58.3 16.04 0.08 18918.0 35.6
270 .......... 17 02 37.0 78 40 36.0 16.63 0.07 17779.4 37.0
272 .......... 17 02 38.1 78 33 34.3 16.05 0.08 16.60 15453.2 44.8 65
294 .......... 17 02 46.3 78 51 46.7 15.52 16573.7 52.6 69
295 .......... 17 02 46.8 78 25 46.7 53624.7 114.0
297 .......... 17 02 47.5 78 37 17.7 16.85 0.07 62676.0 109.0
298 .......... 17 02 47.6 78 44 27.9 14.58 0.08 14.45 20119.5 54.1 68
301 .......... 17 02 48.9 78 38 29.6 15.86 0.07 15.92 16936.0 39.0 67
310 .......... 17 02 55.2 78 35 04.5 16.41 0.07 16356.5 109.0
320 .......... 17 02 57.7 78 42 06.3 17.40 0.08 15976.8 67.7
324 .......... 17 02 58.3 78 38 17.1 17.20 0.07 15763.1 34.4
325 .......... 17 02 58.5 78 49 47.7 17654.6 47.1
332 .......... 17 03 01.1 78 36 52.5 15.76 0.07 16.16 16545.0 35.0 71
335 .......... 17 03 02.4 78 35 56.1 15.06 0.07 15.05 16303.0 100.0 72
347 .......... 17 03 08.8 78 41 21.0 16.11 0.07 16.74 14280.8 49.3 74
351 .......... 17 03 10.4 78 14 40.9 15.89 17973.4 48.3 70
353 .......... 17 03 11.3 78 40 31.1 15.80 0.07 16.31 15901.0 39.0 75
358 .......... 17 03 12.0 78 33 09.3 16.01 0.05 16.42 16504.2 38.4 73
360 .......... 17 03 12.2 78 40 21.4 17.88 0.07 17.80 16637.0 52.0 76
364 .......... 17 03 13.0 78 45 56.4 16.24 0.08 16.65 15660.0 39.0 77
369 .......... 17 03 16.9 78 26 46.4 16202.6 33.4
383 .......... 17 03 21.5 78 43 54.1 16.48 0.08 15060.2 66.0
385 .......... 17 03 22.1 78 46 56.2 16.18 0.08 19723.0 44.7
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394 .......... 17 03 24.8 78 20 39.1 18886.0 47.9
396 .......... 17 03 25.3 78 35 30.8 17.53 0.07 16018.4 94.2
399 .......... 17 03 26.0 78 52 42.7 19105.9 40.5
407 .......... 17 03 28.3 78 36 51.5 16.21 0.07 16.71 17901.8 59.3 78
410 .......... 17 03 29.2 78 37 55.7 15.02 0.07 14.00 17796.4 43.5 79
414 .......... 17 03 29.7 78 39 55.1 15.07 0.07 15.30 17558.0 36.0 80
417 .......... 17 03 32.5 78 37 02.9 17.58 0.07 16798.6 45.0
420 .......... 17 03 33.8 78 37 48.3 14.54 0.07 14.20 16928.9 47.0 81
422 .......... 17 03 34.1 78 50 55.2 16.28 18943.2 49.2 85
426 .......... 17 03 35.3 78 39 54.6 16.09 0.07 16.57 15425.6 43.2 82
428 .......... 17 03 35.6 78 37 45.1 14.34 0.07 14.00 15830.0 100.0 83
431 .......... 17 03 36.0 78 47 44.0 14.84 19800.0 100.0 86
436 .......... 17 03 36.9 78 40 31.1 17.26 0.07 16980.6 35.1
438 .......... 17 03 37.5 78 38 27.7 16.15 0.07 16.63 17628.0 46.0 84
439 .......... 17 03 37.8 78 46 58.6 17.23 0.08 19856.1 101.0
440 .......... 17 03 37.9 78 36 54.8 16.95 0.07 15848.1 74.2
444 .......... 17 03 39.1 78 22 18.7 53949.6 84.9
448 .......... 17 03 41.9 78 39 16.7 18.51 0.07 14742.2 44.3
456 .......... 17 03 46.3 78 37 24.4 17.39 0.07 17885.8 37.7
458 .......... 17 03 46.8 78 34 35.9 16.72 0.05 17323.9 40.2
470 .......... 17 03 50.3 78 37 02.9 16.30 0.07 16.75 20245.0 41.9 88
477 .......... 17 03 53.3 78 29 11.4 17.48 0.05 16265.6 52.9
484 .......... 17 03 55.5 78 44 20.5 17.51 0.08 15648.7 72.2
486 .......... 17 03 56.2 78 44 43.9 15.59 0.08 15.80 17115.2 36.2 91
487 .......... 17 03 56.3 78 37 36.3 15.76 0.07 16.16 15151.1 34.5 89
495 .......... 17 03 57.6 78 41 26.4 16.10 0.08 16.50 20404.0 46.0 90
498 .......... 17 03 58.4 78 32 34.7 16.67 0.05 17010.7 53.9
512 .......... 17 04 03.8 78 33 23.2 16.28 0.05 17355.3 53.1
516 .......... 17 04 05.6 78 31 50.7 17.34 0.05 16181.8 39.8
520 .......... 17 04 08.0 78 26 47.2 16803.9 53.1
526 .......... 17 04 11.8 78 34 49.0 16.87 0.05 19642.6 38.5
530 .......... 17 04 13.1 78 37 44.3 14.20 0.07 13.92 16903.0 100.0 93
538 .......... 17 04 14.3 78 54 35.1 18981.0 44.7
543 .......... 17 04 16.1 78 40 45.7 15.48 0.07 15.99 15690.0 72.0 94
547 .......... 17 04 17.0 78 47 32.3 19233.4 39.4
565 .......... 17 04 20.9 78 36 22.3 17.79 0.07 17409.3 71.9
568 .......... 17 04 21.6 78 42 30.5 16.42 0.08 14994.1 79.9
581 .......... 17 04 26.8 78 38 26.1 14.18 0.07 13.34 17797.5 40.0 95
585 .......... 17 04 27.9 78 25 19.1 16966.3 30.2
586 .......... 17 04 28.1 78 45 28.3 18.20 0.08 17533.3 135.
591 .......... 17 04 29.7 78 38 48.0 17.04 0.07 16752.0 77.4
597 .......... 17 04 32.6 78 42 20.4 16.74 0.08 15188.8 38.3
605 .......... 17 04 35.6 78 40 05.9 17.34 0.07 19700.9 40.0
606 .......... 17 04 35.9 78 22 47.2 17492.8 34.3
607 .......... 17 04 37.0 78 53 21.1 18122.8 40.8
616 .......... 17 04 40.2 78 41 31.2 17.63 0.08 18596.9 128.0
617 .......... 17 04 40.2 78 37 42.0 16.61 0.07 19674.9 103.0
620 .......... 17 04 40.6 78 13 49.5 16.41 18008.1 56.1 96
621 .......... 17 04 41.4 78 32 09.1 16.75 0.05 16717.9 33.8
623 .......... 17 04 43.4 78 37 22.8 15.58 0.07 16.07 15105.5 42.6 97
633 .......... 17 04 47.1 78 40 31.5 17.01 0.07 16600.8 86.3
634 .......... 17 04 47.1 78 34 33.9 16.34 0.05 18816.7 42.0
635 .......... 17 04 47.7 78 38 30.0 14.76 0.07 14.76 19094.2 49.1 98
637 .......... 17 04 48.3 78 48 21.3 15.44 19663.1 46.9 100
641 .......... 17 04 48.9 78 37 43.3 17.44 0.07 17215.2 37.8
647 .......... 17 04 51.5 78 40 27.3 16.64 0.07 17734.3 63.9
651 .......... 17 04 53.6 78 29 54.3 16.98 0.05 52295.4 114.0
656 .......... 17 04 55.3 78 51 07.2 19980.1 44.8
658 .......... 17 04 55.8 78 34 04.2 17.75 0.05 18478.0 45.1
659 .......... 17 04 56.3 78 43 06.4 17.09 0.08 18682.0 44.9
662 .......... 17 04 57.4 78 38 13.5 17.25 0.07 19525.8 76.5
664 .......... 17 04 57.7 78 50 04.8 16.27 19590.0 52.0 104
665 .......... 17 04 58.2 78 42 04.2 16.61 0.08 17351.7 37.8
667 .......... 17 04 58.7 78 24 57.6 16.49 26841.1 49.0 99
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668 .......... 17 04 58.8 78 35 05.1 16.23 0.07 16.77 17135.9 44.4 102
678 .......... 17 05 03.0 78 40 03.2 16.01 0.07 16.40 16762.0 49.0 105
684 .......... 17 05 06.3 78 28 22.8 15.65 19248.6 57.8 103
693 .......... 17 05 10.0 78 31 36.0 15.86 0.05 16.36 16535.7 34.8 106
697 .......... 17 05 11.7 78 48 14.9 16.72 19942.3 47.8 107
702 .......... 17 05 13.8 78 29 19.5 16.88 0.05 16484.4 37.3
708 .......... 17 05 15.2 78 29 51.1 18.73 0.05 18146.7 39.8
709 .......... 17 05 15.2 78 48 12.8 42213.8 54.4
710 .......... 17 05 15.5 78 30 02.6 16.95 0.05 17939.0 73.7
712 .......... 17 05 15.8 78 32 37.5 16.90 0.05 18122.4 106.0
715 .......... 17 05 18.1 78 38 46.1 16.42 0.07 16.55 17682.0 47.0 108
725 .......... 17 05 20.7 78 47 20.9 17.85 0.08 17771.8 44.9
728 .......... 17 05 21.1 79 08 04.9 18806.5 48.3
731 .......... 17 05 23.7 78 40 23.8 17.38 0.07 18127.4 94.8
734 .......... 17 05 25.0 78 21 59.7 17321.5 36.2
738 .......... 17 05 26.9 78 38 47.8 16.45 0.07 16.25 19599.0 57.0 109
744 .......... 17 05 30.3 78 40 19.7 16.22 0.07 16.20 17194.0 65.0 110
745 .......... 17 05 30.5 78 55 15.3 17193.4 53.1
746 .......... 17 05 31.5 78 35 50.6 18.70 0.07 18652.4 44.2
747 .......... 17 05 32.4 78 39 02.1 16.83 0.07 15428.5 39.6
751 .......... 17 05 33.1 78 41 42.1 18.24 0.08 17789.6 41.1
752 .......... 17 05 33.1 78 51 17.1 15.98 19478.6 53.7 113
753 .......... 17 05 33.5 78 35 12.7 15.33 0.07 15.27 18791.3 50.7 111
755 .......... 17 05 34.2 78 30 34.2 17.56 0.05 19044.3 45.6
770 .......... 17 05 39.1 78 37 31.5 16.05 0.07 15.59 16142.1 34.7 112
780 .......... 17 05 42.2 78 36 25.4 17.39 0.07 17538.3 78.2
789 .......... 17 05 46.9 78 29 12.0 18.06 0.05 39704.7 48.0
792 .......... 17 05 47.6 78 39 57.5 18616.1 33.8
795 .......... 17 05 48.6 78 22 34.0 15.94 16437.0 45.0 114
798 .......... 17 05 49.3 78 16 18.4 51621.4 155.0
799 .......... 17 05 49.5 78 31 07.5 17.47 0.05 17701.6 135.0
801 .......... 17 05 50.2 78 22 06.0 52074.8 65.0
822 .......... 17 06 00.1 79 06 43.2 15.74 17927.3 47.4 117
847 .......... 17 06 11.1 78 24 38.2 18317.7 47.9
848 .......... 17 06 11.4 78 32 50.4 15.14 0.05 15.42 18401.7 38.4 115
853 .......... 17 06 14.2 78 33 58.1 17.77 0.05 17388.7 38.2
855 .......... 17 06 15.4 78 26 53.4 32062.0 84.6
877 .......... 17 06 22.5 78 34 20.7 17.01 0.05 16658.2 107.0
882 .......... 17 06 24.0 79 02 37.3 17585.6 37.9
889 .......... 17 06 28.2 78 49 13.9 19093.1 44.6
895 .......... 17 06 31.3 78 25 18.0 15.61 15626.0 35.0 118
897 .......... 17 06 31.8 78 42 08.9 18.09 0.08 18858.9 27.8
898 .......... 17 06 32.2 78 25 00.7 17957.7 61.8
902 .......... 17 06 34.9 78 21 55.4 16799.8 43.3
903 .......... 17 06 35.1 78 26 00.2 27178.6 103.0
917 .......... 17 06 39.7 78 25 57.3 52150.3 92.5
921 .......... 17 06 42.9 78 35 58.3 16.27 0.07 16.72 14909.8 77.2 120
922 .......... 17 06 43.0 78 35 19.0 20.04 0.08 17954.2 154.0
934 .......... 17 06 48.6 78 35 33.8 17408.7 76.3
935 .......... 17 06 49.5 78 28 40.9 17.30 0.05 20079.3 56.8
939 .......... 17 06 51.6 78 33 42.5 16.42 0.05 18457.4 57.8
943 .......... 17 06 53.3 78 30 56.1 15.63 0.05 16.15 17998.0 61.0 121
946 .......... 17 06 56.0 78 41 10.3 15.75 0.07 15.60 16866.5 37.6 122
948 .......... 17 06 56.4 78 15 14.4 16574.0 58.2
950 .......... 17 06 56.6 78 23 18.0 52117.8 99.6
956 .......... 17 07 00.3 78 41 24.3 17.38 0.07 17160.6 79.1
962 .......... 17 07 01.7 79 10 19.6 16.43 11436.4 49.2 124
969 .......... 17 07 04.3 78 35 57.7 17.49 0.07 15917.3 32.7
973 .......... 17 07 07.4 78 38 34.6 15.43 0.07 15.80 18843.9 37.8 123
980 .......... 17 07 11.5 78 38 58.4 17.15 0.07 17897.0 36.8
984 .......... 17 07 13.4 78 53 18.9 15.93 16523.5 42.2 125
987 .......... 17 07 14.2 78 19 12.4 17609.7 79.7
989 .......... 17 07 15.5 78 30 08.4 16.37 0.05 18581.5 47.5
999 .......... 17 07 19.1 78 39 50.5 18473.7 37.8
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1002 ........ 17 07 20.9 78 53 37.4 16563.9 34.9
1004 ........ 17 07 20.9 78 24 09.2 51293.1 108.0
1008 ........ 17 07 26.6 78 36 22.0 16.47 17553.7 45.9 126
1009 ........ 17 07 27.7 78 36 40.2 16.32 17637.6 47.2 127
1010 ........ 17 07 28.8 78 30 08.4 19040.4 36.5
1011 ........ 17 07 30.4 78 24 41.8 51597.8 82.1
1012 ........ 17 07 31.4 79 08 36.8 15.49 16603.7 38.6 128
1013 ........ 17 07 39.6 78 56 56.0 53835.5 61.0
1014 ........ 17 07 54.9 78 44 48.8 17027.4 38.2
1015 ........ 17 07 58.5 78 18 39.6 18428.3 42.0
1016 ........ 17 08 02.0 78 17 34.7 39920.8 78.6
1017 ........ 17 08 02.9 78 32 38.3 17910.5 34.2
1018 ........ 17 08 05.4 78 37 32.0 16.29 17841.0 49.0 129
1019 ........ 17 08 05.7 78 22 57.1 52032.8 81.9
1020 ........ 17 08 09.2 78 34 16.7 18541.1 47.1
1021 ........ 17 08 10.6 78 39 13.1 15020.8 72.5
1022 ........ 17 08 13.9 78 46 48.4 15957.6 53.6
1023 ........ 17 08 22.9 78 22 28.1 17243.5 29.9
1024 ........ 17 08 24.5 78 34 28.8 18009.2 79.8
1025 ........ 17 08 31.6 78 21 37.6 16.02 21638.7 52.3 130
1026 ........ 17 08 33.1 78 29 54.4 15.40 18684.4 46.3 131
1027 ........ 17 08 35.8 78 40 31.6 17215.9 29.8
1028 ........ 17 08 41.3 78 23 46.1 17017.6 65.2
1029 ........ 17 08 45.6 78 34 03.4 18347.9 34.3
1030 ........ 17 08 46.3 78 37 03.1 16512.8 37.3
1031 ........ 17 08 47.5 78 25 55.8 16860.2 6.85
1033 ........ 17 08 57.7 78 50 15.3 15.57 16064.1 50.9 134
1034 ........ 17 08 58.7 78 32 58.7 16.75 16191.4 17.4 133
1035 ........ 17 08 59.0 78 31 40.0 51442.5 112.0
1036 ........ 17 09 00.6 78 46 19.4 15.46 11843.8 26.2 135
1037 ........ 17 09 09.7 78 52 32.0 15.55 18811.8 46.3 137
1039 ........ 17 09 12.7 78 50 56.8 52250.8 120.0
1040 ........ 17 09 14.6 78 38 10.8 18134.8 32.7
1041 ........ 17 09 15.1 78 21 58.4 16702.5 50.5
1042 ........ 17 09 16.2 78 27 11.6 7427.43 48.6
1043 ........ 17 09 18.7 78 30 16.8 16700.3 43.9
1044 ........ 17 09 22.4 78 22 03.4 16193.1 63.5
1045 ........ 17 09 23.9 78 42 14.6 16.39 17927.9 29.0 138
1046 ........ 17 09 30.2 78 45 46.3 18249.8 44.8
1047 ........ 17 09 39.5 78 33 07.9 15.73 16119.9 32.5 142
1048 ........ 17 09 43.2 78 31 03.8 16.63 18561.0 38.0 141
1050 ........ 17 09 44.9 78 20 18.0 15.12 17077.0 63.2 140
1051 ........ 17 09 45.8 78 33 06.7 18694.1 58.3
1052 ........ 17 09 46.6 78 41 33.2 16.58 17892.0 42.0 143
1053 ........ 17 10 07.0 78 36 56.6 59089.3 51.8
1054 ........ 17 10 13.4 78 39 22.1 16.44 17043.0 53.0 144
1055 ........ 17 10 27.4 78 22 47.8 16.70 17045.5 36.3 145
1056 ........ 17 10 31.2 78 29 10.3 16.54 15791.5 65.5 146
1057 ........ 17 10 31.6 78 33 51.3 16.68 19464.0 34.1 147
1058 ........ 17 10 45.9 78 32 15.3 15.11 18767.0 31.0 148
1059 ........ 17 10 58.8 78 45 26.1 27118.1 59.4
1060 ........ 17 10 59.3 78 36 52.4 41643.9 36.8
1061 ........ 17 11 20.4 78 49 47.7 39492.5 83.9
1062 ........ 17 11 49.5 78 35 52.7 17819.7 101.0
1065 ........ 17 11 58.3 78 36 26.8 42133.1 108.0
1068 ........ 17 12 37.1 78 28 30.9 16.33 17125.5 67.1 153
1069 ........ 17 12 51.2 79 03 39.6 16.37 21886.4 45.4 156
1071 ........ 17 12 57.1 78 56 44.1 19978.3 44.7
1072 ........ 17 13 01.1 78 29 02.8 15.66 17540.5 50.0 155
1073 ........ 17 13 04.8 78 34 24.2 19111.7 79.2
1074 ........ 17 13 08.5 78 33 41.7 15.90 17432.0 52.2 157
1075 ........ 17 13 08.6 78 33 28.0 14.95 15928.6 76.4 158
1078 ........ 17 13 54.0 78 46 29.9 25936.1 79.1
1080 ........ 17 13 56.8 78 59 33.5 14.87 19613.7 61.5 164
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a background group centered on the approximate sky coor-
dinates  ¼ 17h7m,  ¼ 78220 (J2000.0) and velocity
52,413.0 km s1.
Each test listed in Table 4 requires a normalization proce-
dure. For the one-dimensional tests, all calculations were
normalized with respect to 10,000 bootstrapped intervals.
The two-dimensional tests required an azimuthal shuﬄing
of the data; 10,000 shuﬄes were used. For the three-dimen-
sional tests, the velocities were randomized with respect to
the positions. For all the three-dimensional tests, with the
exception of the Lee-3D test, 10,000 randomizations were
used. Because of the CPU cost, the Lee-3D test was applied
with only 1000 shuﬄes. To calculate the conﬁdence intervals
of the tests, the value of the test statistic obtained from the
original data was compared to the distribution of values
from the shuﬄed data. The number of instances where the
value of the test statistic was greater for the shuﬄed data
than for the original data was divided by the total number
of shuﬄings. This value is the conﬁdence interval of the test.
This bootstrap procedure is followed because the a priori
probability distribution for the test statistic is often not
known.
In Figure 5 we present the velocity histogram of the 277
galaxies that are likely cluster members, together with a sin-
gle-Gaussian ﬁt. While a quick visual inspection may sug-
gest that the single Gaussian provides a reasonable
representation of the distribution, a more detailed examina-
tion indicates several striking deviations from Gaussian
behavior. The detailed statistical tests that we have applied
support the conclusion that the structure is in fact non-
Gaussian. At high velocities, there is a striking group of gal-
axies centered about 19,600 km s1 and a relative deﬁcit
between 19,000 and 19,200 km s1. The remaining histo-
gram has a strong peak, located at 17,900 km s1, and
between 15,000 and 19,000 km s1 appears highly skewed to
TABLE 4
Statistical Tests
Test
(1)
Description
(2)
References
(3)
a.................................. Average absolute deviation frommean velocity 1, 2, 3
u.................................. Maximum velocity separation 1, 3
W ................................ Variance of pairwise velocity separations 1, 3, 4
b
1=2
1 .............................. Skewness of distribution 1, 5, 6
b2 ................................ Kurtosis of distribution 1, 3, 5, 6
b
1=2
1 b2 Omnibus ........... Skewness and kurtosis of distribution 1, 6
I .................................. Ratio of standard deviation with median estimators
to standard deviation with biweight estimators
1, 7
KS .............................. Deviation of CDFa from best-ﬁt Gaussian 1, 8
V ................................. Deviation of CDF from best-ﬁt Gaussian 1, 8
W2............................... Deviation of CDF from best-ﬁt Gaussian 1, 8
U2 ............................... Deviation of CDF from best-ﬁt Gaussian 1, 8
A2................................ Deviation of CDF from best-ﬁt Gaussian 1, 8
Lee 2D ........................ Relative values of spaces and pairs in
two dimensions
9, 10, 11
Fourier elongation ...... Elongation of spatial distribution 11, 12
D ................................. Deviation of local mean and  from global values 13
 .................................. Change of projectedmass estimator as a
function of positional space
14, 15
 ................................. Shift of spatial centroid as a function of
velocity space window
11, 16
Lee 3D ........................ Relative values of spaces and pairs in
three dimensions
9, 10, 11
a Cumulative distribution function.
References.—(1) Beers et al. 1990. (2) Pearson & Hartley 1962. (3) Yahil & Vidal 1977. (4)
Shapiro &Wilk 1965. (5) Bird & Beers 1993. (6) D’Agostino & Stephens 1986. (7) Iglewicz 1983.
(8) Stephens 1986. (9) Fitchett 1988. (10) Lee 1979. (11) Pinkney et al. 1996. (12) Rhee, vanHaar-
lem, &Katgert 1991. (13) Dressler & Shectman 1988. (14) Bird 1994. (15) Heisler et al. 1985. (16)
West & Bothun 1990.
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Fig. 5.—Velocity histogram for A2256. The solid line is the best single-
Gaussian ﬁt to the data, with a mean of 17,488.1 km s1 and a standard
deviation of 1295.9 km s1.
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the lower velocity end of the distribution at 17,900 km s1.
Furthermore, there is a strong correlation between velocity
space and sky positional space that is unexpected from a
relaxed system.
All one-dimensional tests performed are from the
ROSTAT package (Beers, Flynn, & Gebhardt 1990). The
results are presented in Table 5. Column (1) gives the name
of the statistic, column (2) gives the value of the statistic,
and column (3) indicates the probability that this value can
be obtained given the null hypothesis of no substructure.
Low probability values provide signiﬁcant evidence for sub-
structure. In the case of the one-dimensional tests, the null
hypothesis is that the velocity distribution is a single-com-
ponent Gaussian. In Table 5, the u-test, the W-test, the
b2-test, the b
1=2
1 b2 Omnibus test, and marginally the a-test
are the only ones that show signiﬁcant deviations from a
Gaussian in the 3  clipped data set.
A2256 has a nearly azimuthally symmetric galaxy distri-
bution. This makes it diﬃcult to detect substructure with
two-dimensional tests, which are applied to the projected
galaxy distribution. As a consequence, two-dimensional
tests were not stressed in our search for substructure. The
results of the two-dimensional tests are presented in Table 6.
In addition, it should be noted that tests that are sensitive to
elongations or ellipticity, such as the Fourier elongation
test, do not necessarily detect the presence of substructure.
Two of the three two-dimensional tests showed evidence for
substructure: the Lee-2D lmax and Lee-2D lrat tests. The
results of the test indicate an elongation along a line that is
oriented at a position angle of 120. This direction is
approximately the same as the apparent merging axis of the
cluster.
With the large number of new velocities from ourWIYN-
Hydra spectra and the more accurate positions obtained
from the WIYN images, it is natural to apply three-dimen-
sional tests to the data set. Of all the tests, the three-dimen-
sional tests were the most CPU intensive, with the Lee-3D
test at the top and the -test as the least computationally
expensive test. Typical run times for the calculations ranged
from 10 minutes for the -test on a 99 MHz HP-735 work-
station to 50 hr for the Lee-3D test on a 233 MHz Pentium
II Linux system. The results of the tests are presented in
Table 7.
A number of modiﬁcations have been made to the tests.
Most importantly, the tests have been altered to use
biweight estimators in place of classical estimators of the
mean and standard deviations. In addition, the deﬁnition of
a local sample has been changed to theNlocal ¼ N1=2 nearest
neighbors as suggested by Bird (1994), instead of the canon-
ical 11 nearest neighbors. In our caseNlocal ¼ 14.
As can be seen in Table 7, two of the four three-dimen-
sional tests, the Dressler-Shectman D-test and -test, pro-
vide evidence for substructure at ae94% conﬁdence level.
Figure 6 displays the Dressler-Shectman bubble plot for
A2256. It is immediately apparent that there is a grouping
of galaxies, to the north of the center, that deviate signiﬁ-
cantly from the global values. The galaxies that correspond
to large circles in the bubble plot comprise the small clump
of galaxies in the velocity histogram (Fig. 5) near 19,900 km
TABLE 5
One-Dimensional Test Results
Statistical Test
(1)
Value
(2)
Signiﬁcance
(3)
a............................. 0.82 0.05
u............................. 4.68 <0.05
W ........................... 0.97 <0.01
b
1=2
1 ......................... 0.011 0.47
b2 ........................... 2.36 <0.01
b
1=2
1 b2 Omnibus ...... 9.174 0.01
I ............................. 0.94 >0.10
KS ......................... 0.50 0.25
V ............................ 0.98 0.25
W2.......................... 0.05 0.49
U2 .......................... 0.05 0.44
A2........................... 0.45 0.27
TABLE 6
Two-Dimensional Test Results
Statistical Test
(1)
Value
(2)
Signiﬁcance
(3)
Lee 2D lmax.................. 1.58 0.01
Lee 2D lrat ................... 1.29 <0.01
Fourier elongation ...... 0.92 0.30
TABLE 7
Three-Dimensional Test Results
Statistical Test
(1)
Value
(2)
Signiﬁcance
(3)
D ....................... 374.1 <0.01
 ........................ 2.24 1015 0.68
 ....................... 0.02 0.06
Lee 3D lmax........ 2.29 0.22
17.2 17.1 17.0
78.4
78.6
78.8
79.0
Fig. 6.—Dressler-Shectman plot for A2256. Each open circle is a galaxy
whose radius is proportional to e;  is described by Dressler and Shectman
as the deviation of the local mean and  from the global mean and . See
text for an explanation.
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s1. The Lee-3D test lmax did not show evidence for sub-
structure. Since this test is designed for a bimodal distribu-
tion, it may be aﬀected by the presence of a multimodal
distribution.
The tests that show evidence for substructure are the u-
test, the b2-test, the b
1=2
1 b2 Omnibus test, theW-test, the Lee-
2D lmax and lrat tests, the Dressler-Shectman D-test, and
marginally the a-test. Each test is sensitive to a diﬀerent
departure from the null hypothesis of a unimodal Gaussian
velocity distribution that is uncorrelated with an azimu-
thally symmetric galaxy distribution. Thus, it is not
expected that all tests will reject this null hypothesis. The
fact that six tests do reject the null hypothesis at a conﬁ-
dence ofe95% provides strong evidence for the presence of
substructure.
3.2. MixtureModeling
As indicated in x 3.1, there is strong evidence for the pres-
ence of substructure in A2256. To quantify the nature of
substructure, we employed the KMM software package
(McLachlan & Basford 1988), which was previously used
for this application by Ashman, Bird, & Zepf (1994). The
KMM software ﬁts a user-speciﬁed number of Gaussians to
a multivariate distribution and provides a comparison of
the quality of the multi-Gaussian ﬁt relative to a single-
Gaussian ﬁt. This software is based on the expectation
maximization (EM) algorithm, which is described by
McLachlan & Krishnan (1997). Each element in the distri-
bution is then assigned to one of the Gaussians based on
maximum likelihood.
Figure 5 shows the velocity distribution histogram, along
with the best single-Gaussian ﬁt. At ﬁrst glance, the single-
Gaussian model may appear to provide a reasonable ﬁt, but
the deviations are suspiciously large. To test the single-
Gaussian ﬁt, we applied the Double Root Residual (DRR)
test described by Gebhardt & Beers (1991). The DRR test
showed that the peak located at 18,000 km s1 and the peak
near 19,600 km s1 are indeed signiﬁcant deviations from
the single-Gaussian ﬁt.
To determine which multi-Gaussian model works best,
we applied the KMM software to the velocity and position
data set for models with two, three, and four Gaussian com-
ponents. Thus, we have adopted a Gaussian model for the
spatial distribution within each subclump as well as for the
velocity distribution. The Gaussian model provides a con-
venient tool for deconvolving multiple spatial components,
rather than an accurate model for the spatial structure of
each subclump.
The triple-Gaussian model provided the best ﬁt, and the
result is shown in Figure 7. The mean, dispersion, and num-
ber of galaxies assigned to each of the Gaussians are given
in Table 8. The improved ﬁt of the triple-Gaussian model,
relative to a single-Gaussian model, is signiﬁcant at the 99%
level. In Figure 7, it can be seen that Gaussian 3 corresponds
well to the high-velocity clump centered at19,600 km s1.
We also investigated whether the large velocity clump
marked by Gaussians 1 and 2 has signiﬁcant substructure.
To test for this, we removed the galaxies associated with
Gaussian 3 and ran the same set of statistical tests on the
1–2 clump data set. All one-dimensional tests but the I test
showed signiﬁcant deviations from aGaussian distribution.
It is useful to observe the projected spatial distribution of
the galaxies belonging to each subclump. This is shown in
Figure 8, where the symbol type plotted for each galaxy
indicates its subclump membership. The localization of
group 3 is immediately obvious. In contrast, the 1 and 2
groups have a large overlap. We interpret this as indicating
that the 3 subclump is a small group in the process of merg-
ing with the 1–2 system.
4. DISCUSSION
4.1. Cluster Dynamics
In x 3.2 we presented evidence for the presence of three
subclumps. Previous analyses, based on a smaller velocity
sample, have detected only the 1 and 2 subclumps (Fabri-
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Fig. 7.—Velocity histogram for A2256 with the multiple Gaussian pro-
ﬁles. The top panel shows the combined proﬁle from the multiple Gaussian
model. The second, third, and bottom panels show the galaxies belonging
to the appropriate groups 1, 2, and 3, respectively, along with the best-ﬁt
Gaussian. Parameters for eachGaussian are described in Table 8.
TABLE 8
KMMResults
Gaussian
(1)
R.A.
(J2000.0)
(2)
Decl.
(J2000.0)
(3)
VelocityMean
(km s1)
(4)
Velocity 
(km s1)
(5)
Ngal
(6)
MPME
(1015M)
(7)
1................ 17 01 57 78 39 37 15701.78 550.77 53 0.51
2................ 17 04 28 78 38 35 17665.59 839.41 196 1.6
3................ 17 03 52 78 46 08 19687.67 304.38 28 0.17
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cant et al. 1989; Briel et al. 1991; Roe¨ttiger, Burns, & Loken
1993). To check to see which systems are gravitationally
bound, we applied the projectedmass estimator as described
by Heisler, Tremaine, & Bahcall (1985). The masses are less
than half the virial masses of the corresponding subclumps,
potentially indicating that the system is not in virial equili-
brium. In Table 8 the mass for each of the subclumps is
given.
To perform the gravitational bound check, we can rewrite
the Newtonian energy criterion for the two-body problem
as
V 2r Rp  2GM sin2  cos ; ð1Þ
where Vr is the line-of-sight velocity, Rp is the projected sep-
aration of the clump centers,  is the projection angle mea-
sured from the sky plane, and M is the total mass of the
system (Beers, Geller, & Huchra 1982). Since equation (1) is
based on a two-body analysis, we applied it to subclumps 1
and 3 in the following manner. For clump 1, we assumed
that the mass of clump 3 is negligible, and the two point
masses are subclumps 1 and 2. For group 3, we assumed that
subclumps 1 and 2 are bound and constitute the other point
mass. If all these systems are bound, they are likely to be
interacting with each other. As a consequence, the ﬁrst-
ranked galaxy (FRG) may not be located at the center of a
local potential well. To minimize the eﬀect of any FRG oﬀ-
sets, the position and velocity centroids of the galaxy groups
deﬁned in Table 8 are used to calculate the bound/unbound
criteria. As will be shown in x 4.3, the group centroids corre-
spond well with the peaks seen in the X-ray data.
From Figures 9 and 10 a bound condition for groups 1
and 2 is satisﬁed between the projection angles of 20 and
84. Similarly, group 3 is bound for projection angles
between 24 and 81.
4.2. Dominant Galaxies
Computer simulations by Bode et al. (1994) indicate that
an FRG settles into the center of a poor cluster of galaxies
100 0 -100
-20
0
20
100 0 -100
-20
0
20
100 0 -100
-20
0
20
100 0 -100
-20
0
20
Fig. 8.—Sky plot of the galaxies associated with the three groups found by the KMM algorithm. The open squares represent galaxies that belong to group
1. The open triangles represent galaxies that belong to group 2. The ﬁlled triangles are galaxies belonging to group 3. The x- and y-axes give the oﬀsets in arcmi-
nutes from the central brightest galaxy (ID 581).
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in a time less than the Hubble time. We shall deﬁne the
FRG as the brightest galaxy within a deﬁned group. The
simulations show that the time that it takes this FRG to set-
tle into the center is dependent on the velocity dispersion of
the galaxies within the cluster. As the velocity dispersion
increases, the rate of successful mergers decreases. Bode et
al. (1994) argue that their models support the hypothesis
that the FRG ﬁrst forms in the central region of a poor clus-
ter. In this environment, velocity dispersions are low and
successful mergers are frequent, allowing the eﬃcient devel-
opment of a central dominant galaxy.
In Table 9 are listed the ﬁve brightest galaxies associated
with A2256. The four brightest galaxies are found within
the central region of the cluster. The ﬁfth brightest galaxy is
found centrally located within subclump 3. Figure 11 shows
the velocity histogram with the ﬁrst, third, and ﬁfth bright-
est galaxies marked to indicate their position within the
three subclumps. The respective galaxies are closely associ-
ated with the corresponding groups not only in positional
space but also in velocity space. The ﬁrst and third galaxies
are centrally located within the velocity distributions of sub-
clumps 1 and 2, respectively. The ﬁfth brightest galaxy is at
the center of the velocity histogram feature associated with
clump 3.
The second (ID 530) and fourth (ID 420) brightest gal-
axies are located within the central region of the cluster.
Both galaxies are assigned to group 2 and have very similar
velocities (see Table 9). These galaxies occupy an intermedi-
ate position between groups 1 and 2 in velocity space. One
can speculate as to the true origin of these galaxies. Our
merger hypothesis suggests that they are either FRGs from
other poor groups that merged at some time in the past or
second-ranked galaxies associated with groups 1 and 2 that
have not yet merged with the central dominant galaxy of
their respective group. Once these galaxies enter the envi-
ronment of the merged system, the velocity dispersion
increases. The chance of a merger occurring between the
central dominant galaxies decreases signiﬁcantly, and the
second and fourth brightest galaxies may not merge with
the ﬁrst and third brightest galaxies for some time. We do
0 1000 2000 3000 4000
0
20
40
60
80
Fig. 9.—Plot showing the boundary between the bound and unbound
orbits for groups 1 and 2.Vr is the diﬀerence in the radial velocities between
the two subclumps (see text). The angle between the sky plane and the line
joining the centers of clusters 1 and 2 is . The vertical line marks the rela-
tive velocity diﬀerence between the two groups.
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Fig. 10.—Same as Fig. 9, except that the two groups are the combination
of groups 1 and 2 (groupA) and group 3 (group B).
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0
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Fig. 11.—Histogram of the galaxies that are a member of A2256 with the
triple-Gaussian model determined by application of the EM algorithm.
The solid line shows the summed distribution of the combined system. The
dashed line shows the individual Gaussians given in Table 8. The velocity
locations of the ﬁrst, third, and ﬁfth brightest galaxies, from Table 9, are
indicated at the top of the diagramwith 1  error bars.
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not see evidence of groups corresponding to the second and
fourth brightest galaxies, so we favor the second
interpretation.
4.3. X-Ray Data
Several X-ray maps of A2256 are available in the litera-
ture (e.g., Briel et al. 1991; Briel & Henry 1994; Markevitch
1996). It is one of the best examples of a cluster showing
X-ray substructure. The X-ray image shows two central
peaks, separated by about 3<5, that are located near the
optical center of the cluster (Briel et al. 1991). As has been
widely discussed, the X-ray emission can be used to trace
the total gravitational potential of the cluster, under the
assumption that the X-ray–emitting gas is in hydrostatic
equilibrium.
If the luminous matter of the galaxies also traces the grav-
itational potential, then the substructures found by applica-
tion of the EM algorithm should approximately correspond
to the structure seen in the X-ray surface brightness distri-
bution. The positions of the centers of groups 1 and 2, listed
in Table 8, correspond well with the two maxima observed
in the extended cluster emission. Briel et al. (1991) mark the
center of the central peak approximately 7000 to the west of
the central cD galaxy (ID 581). The center of group 2 is also
approximately 7000 to the northeast. This places the center
of group 2 approximately 1000 to the northeast of the central
cD galaxy. The proximity of these positions strongly sug-
gests that group 2 is the dominant group.
The position of group 1 is coincident with the position of
the excess source deﬁned by Briel et al. (1991). According to
Table 9, the FRG for group 1 (ID 428) is located at
 ¼ 17h3m35 96,  ¼ 7837045>1, placing it only about 2<3
southeast of the excess source peak. The center of group 1 as
obtained from the KMM algorithm is only approximately
50 to the west of this peak. This also suggests a correlation
between the excess source and the smaller infalling group 1.
The left panels in Figure 12 show the position of each
group along with the X-ray contours (Briel & Henry 1994).
The central dominant galaxy that corresponds to each
group is marked by a star, and the centroids for groups 1, 2,
and 3 are marked by a cross. However, the small number of
galaxies associated with group 3 makes the position for the
centroid for group 3 uncertain. One should note that the
centroid for group 3 is only 3<5 to the northeast of the FRG
for group 3 (ID 298).
There are no other features in the X-ray surface bright-
ness distribution that indicate the presence of a third group.
This is not unexpected, since group 3 has a mass comparable
to that of a poor group. Thus, the X-ray luminosity of group
3 is probably considerably less than those of groups 1 and 2,
and so the X-ray emission of A2256 is dominated by these
brighter groups. Nevertheless, in x 4.4 we will see that there
is potential evidence in the radio emission for group 3.
4.4. Radio Data
In the right panels of Figure 12, we present radio contours
(Ro¨ttgering et al. 1994) of the central region of A2256, along
with the positions of the galaxies with measured redshifts.
We shall use the same naming convention for features in the
radio map as was used by Ro¨ttgering et al. (1994) and Bridle
et al. (1979). For convenience, Table 10 includes a subset of
the table provided by Ro¨ttgering et al. (1994). Column (1)
TABLE 9
Brightest Galaxies in A2256
Brightness Rank
(1)
ID
(2)
Fabricant ID
(3)
R.A.
(J2000.0)
(4)
Decl.
(J2000.0)
(5)
Group
(6)
MRKC
(7)
Vr
(km s1)
(8)
1........................... 581 95 17 04 26.9 78 38 26.1 2 14.19 0.07 17797.6 40.0
2........................... 530 93 17 04 13.2 78 37 44.3 2 14.20 0.07 16903.0 100.0
3........................... 428 83 17 03 35.6 78 37 45.1 1 14.35 0.07 15830.0 100.0
4........................... 420 81 17 03 33.8 78 37 48.3 2 14.55 0.07 16929.0 47.1
5........................... 298 68 17 02 47.6 78 44 27.9 3 14.59 0.08 20119.5 54.2
TABLE 10
Radio Source Positions in A2256
Component
(1)
R.A.
(J2000.0)
(2)
Decl.
(J2000.0)
(3)
ID
(4)
Group
(5)
Vr
(km s1)
(6)
A................... 17 03 29.1 78 37 53.7 410 2 17796.4
B ................... 17 03 02.4 78 35 53.8 335 1 16303.0
C................... 17 03 29.6 78 39 53.0 414 2 17558.0
D .................. 17 04 47.8 78 38 29.5 635 2 19094.2
E ................... 17 05 33.2 78 51 16.3 752 3 19478.6
F1 ................. 17 02 17.9 78 41 28.3
F2 ................. 17 06 14.5 78 39 41.0
F3 ................. 17 06 51.5 78 41 06.3 946 2 16866.5
G .................. 17 03 43.0 78 50 03.3 486 2 17115.2
H .................. 17 02 31.3 78 42 37.8
I .................... 17 00 51.8 78 41 19.8 88 2 17325.0
J.................... 17 01 11.9 78 43 26.5 116 1 16122.9
K .................. 17 02 18.3 78 46 02.2 233 3 19643.0
L ................... 17 02 50.3 78 31 48.4
M.................. 17 09 29.3 78 41 38.6
N .................. 17 01 46.4 78 00 00.1
O................... 17 05 14.4 78 30 17.8 706
P ................... 17 01 03.8 78 30 04.7 111
Q................... 17 03 22.2 78 25 05.5
R................... 16 58 49.0 78 37 21.0
S ................... 16 59 26.4 78 41 14.9
T ................... 17 03 56.6 77 58 12.5
U .................. 17 09 15.2 78 28 17.2
V................... 17 00 19.9 78 28 05.8
W.................. 17 09 47.1 78 51 10.6
X................... 17 07 28.2 78 47 22.2
Y................... 17 09 18.5 78 29 02.6
Z ................... 17 03 53.3 78 40 31.3
AA................ 17 08 32.4 78 29 53.1
AB ................ 17 04 04.2 78 23 30.0
AC................ 17 02 46.3 78 51 45.5
AD................ 16 58 18.1 78 29 33.8
AE ................ 16 59 04.0 78 45 34.5
AF ................ 16 57 58.1 78 36 15.2
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gives the feature identiﬁcation from Ro¨ttgering et al. (1994)
and Bridle et al. (1979). Columns (2) and (3) give the R.A.
and decl., and column (4) gives the optical counterpart if
one is known. The identiﬁcation number used in column (4)
corresponds with the galaxy ID numbers used in Table 3.
Column (5) gives the group membership of the optical coun-
terpart if one is known, and column (6) gives the measured
radial velocity of the galaxy.
There are a number of striking features in the radio map
of A2256 that can be easily separated into the eﬀects from
the interaction between groups 1 and 2 versus the interac-
tion between groups 2 and 3. We shall discuss these two fea-
ture sets in turn. To facilitate the discussion, Figure 13
shows the positions of the radio peaks superimposed on the
radio contours from Ro¨ttgering et al. (1994). The positions
adopted are those given in Ro¨ttgering et al. (1994).
4.4.1. Head-Tail Radio Sources A and B
We interpret the combined radio feature formed from
peaks A and B as the product of the merger event between
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Fig. 12.—Positions of galaxies for groups 1, 2, and 3 along with the X-ray (left panels) and radio contours (right panels). The top panels show the galaxies
associated with group 1, the middle panels show galaxies associated with group 2, and the bottom panels show the galaxies associated with group 3.
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groups 1 and 2. Table 10 indicates that galaxies associated
with group 2 are the optical counterparts to peak A, and gal-
axies associated with group 1 are the counterparts to peak
B. In our interpretation, group 1 is infalling radially from
behind onto group 2, from the northwest, with a position
angle consistent with the value given by Roe¨ttiger et al.
(1993). The radio feature A is most likely associated with
the high-speed interaction between galaxies 410 and 420 of
group 2. Radio peak B is indisputably associated with gal-
axy 335 of group 1. This feature is one of four known head-
tail sources. In most models a head-tail source is the trail of
a radioactive galaxy that moves at high speeds relative to
the intracluster medium. According to our model, source B
is the interaction of galaxy 335 with the intracluster medium
of group 2 as the two clusters merge.
4.4.2. Diﬀuse Radio Emission Sources G and H
The diﬀuse emission feature marked by peaks G and H
was originally interpreted as a shock feature between the
merging groups 1 and 2 by Enlin et al. (1998). However, we
feel that this feature provides strong evidence that group 3 is
bound and infalling on group 2.
In support of this interpretation, there is a strong correla-
tion between the location of the galaxies associated with
group 3 as determined from the EM algorithm and the
extended radio feature (see Fig. 12). The shape and position
angle of the galaxy distribution closely follow the contour
lines of the G-H radio feature. Each galaxy associated with
peaks directly related to the extended radio feature is a
member of either group 2 or group 3 with the central domi-
nant galaxy associated with group 3 positioned central to
the G-H radio feature. The only exception is peak J, which
is not directly related to the G-H radio halo but is associated
with a cluster 1 member.
Ro¨ttgering et al. (1994) show a strong correlation
between the X-ray contours and the northwest edge of the
G-H radio feature. Given the mass of group 3, the expected
X-ray thermal bremsstrahlung luminosity will be in the
range of 1041–1042 ergs s1. Furthermore, computer simula-
tions of particles accelerated by shocks formed between
merging clusters of galaxies (Berrington, Dermer, & Sturner
2001) show that the expected X-ray luminosity from the
nonthermal particles accelerated by ﬁrst-order Fermi in the
2–10 keV energy range is 1043 ergs s1 at peak luminosity.
It is challenging to distinguish between nonthermal X-ray
emission from the shock front and thermal bremsstrahlung
emission from group 3 given the noise level of the ROSAT
imaging. Emission from the shock front should dominate
and more readily manifest itself in the ROSAT data as sup-
ported by the analysis performed by Ro¨ttgering et al.
(1994). More recent observations by the Chandra X-Ray
Observatory (Sun et al. 2002) indicate an X-ray excess in the
region of group 3 and the G-H radio feature.
4.4.3. Head-Tail Radio Sources C and I
Source C is unresolved laterally but is approximately 500
kpc in length with a kink in the tail 380 kpc distant from the
source (Ro¨ttgering et al. 1994). Galaxy 414, the radio source
C optical counterpart, is a member of group 2. Our interpre-
tation is that the head-tail radio feature C has just passed
through the shock front marked by the G-H radio feature.
The kink marks the point where the tail pops through the
shock front into the intergalactic medium of group 3. The
velocity of galaxy 414 deviates from the velocity centroid by
only 108 km s1. Therefore, the orbital motion of galaxy
414 with respect to group 2 is mostly tangential. Ro¨ttgering
et al. (1994) performed an orbit calculation assuming that
the tail traces the trajectory of the galaxy through the clus-
ter. They ﬁnd the shape of the tail to be consistent with a gal-
axy with initial transverse velocity in the range of 2000–3500
km s1.
The head-tail source I is associated with galaxy 88 in
group 2. This optical counterpart is found 340 km s1
blueward of the group 2 centroid. There are no galaxies
associated with any obvious interaction with galaxy 88. One
possible interpretation is that it is a galaxy that has recently
passed from the intergalactic medium of group 2 and
entered the intergalactic medium of group 3. Supporting
this idea, the tail of source I extends only to the diﬀuse emis-
sion nebula source of G and H. The radio sources C and I
along with sources G and H provide strong evidence for
interaction between groups 2 and 3 (see x 4.1).
5. SUMMARY AND CONCLUSIONS
We have presented the results of a radial velocity survey
of the galaxy cluster A2256, carried out with the Hydra
Multi-Object Spectrograph on the WIYN telescope, in
which we obtained a total of 277 radial velocities of cluster
members. In addition, we presented new photometry and
astrometry of 861 cluster members within the central
190  190 of the cluster, obtained from a 3 3 WIYN image
mosaic in the R band. By applying a number of statistical
tests, we found strong evidence of statistically signiﬁcant
deviations from the expected single-Gaussian velocity distri-
bution of a relaxed cluster. On application of the KMM
software package, which is based on the EM algorithm for
Fig. 13.—Positions of the radio peaks along with the radio contour map
from Ro¨ttgering et al. (1994) in the central region of A2256, with the same
naming convention as used in Bridle et al. (1979) and Ro¨ttgering et al.
(1994) for simplicity. See Table 10 for celestial coordinates and optical
counterparts.
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mixture modeling (McLachlan & Basford 1988), we found a
total of three subclusters, only two of which had been previ-
ously noted. This analysis used both velocity and spatial dis-
tribution data to identify the separate groups. We obtained
virial mass estimates for each group and showed that the
total of the group masses is less than half the inferred virial
mass of the entire cluster, in support of the presence of sub-
structure. We then applied the two-body orbit model of
Beers et al. (1982), ﬁrst to the two-body system deﬁned by
groups 1 and 2 alone and then to a system in which groups 1
and 2 were treated as a single body and group 3 was taken as
the other body. This dynamical analysis strongly indicates
that groups 1 and 2 are an infalling, bound system. How-
ever, it does not, in itself, ﬁx the dynamical status of group 3
within the A2256 system.
To help determine whether group 3 is bound to the main
cluster, we correlated our optical results with previous X-
ray and radio imaging of A2256. The X-ray surface bright-
ness distribution of A2256 has two centrally located peaks
(Briel et al. 1991). The galaxy groups 1 and 2, which we iden-
tiﬁed from the galaxy position and velocity distributions,
are strongly correlated with the X-ray peaks, providing
additional support for the merging subcluster interpreta-
tion. The optical data alone allow group 3 to be modeled as
either bound, and thus in close proximity with the 1–2 sys-
tem, or unbound, and thus not interacting with the 1–2 sys-
tem. However, radio maps of A2256 (Ro¨ttgering et al. 1994)
provide strong evidence for an interaction between groups 2
and 3 and thus clearly support the bound model. As dis-
cussed in x 4.4, the diﬀuse radio emission feature is probably
a shock front between the intracluster media of groups 2
and 3. In addition, the interaction of the head-tail sources C
and I with the diﬀuse radio emission feature provides evi-
dence that the two systems are interacting (see x 4.4.2).
In summary, our proposed model of A2256 consists of
three bound subgroups that are undergoing merging.
Groups 1 and 2 appear to be in an advanced stage of the
merging process, near the time of the ﬁrst close passage of
the group centers. In this model, group 1 is located behind
group 2 and is infalling from the northwest. Pinkney et al.
(1996) suggest that the lines of center lie at approximately
45 from the line of sight, which is consistent with the range
allowed for bound orbits. According to our model, group 3
is located on the near side of the 1–2 system and is infalling
from the north. Our two-body analysis indicates that the
infall direction lies at an angle to the line of sight in the
range 50–60. The dynamics of the dominant group 2 are
probably strongly inﬂuenced by the ongoing merger with
group 1, but the 1–2 merger system may be largely unaf-
fected by the presence of the much smaller group 3. Each
group contains a central, dominant galaxy that, for groups
1 and 2, is located near the X-ray surface brightness peak.
This is consistent with the prediction that the dominant gal-
axy of a group will quickly settle into the center of the local
potential well (Bode et al. 1994). The greatest oﬀset between
the galaxy distribution centroid, the position of the central
dominant galaxy, and the X-ray peak occurs in group 1,
suggesting that the apparent merger event is strongly inﬂu-
encing the dynamics of this group.
As discussed by Henriksen (1999), there is some continu-
ing controversy regarding the merger model for interpreting
the X-ray observations of A2256. Thus, further X-ray
observations of A2256 would help to distinguish between
the cases of merging subclusters and clusters that are merely
superimposed on the sky by projection (Henriksen 1999).
Briel &Henry (1994) suggest the presence of a complex tem-
perature structure in the X-ray intensity distribution, but
this is not strongly supported by observations made by
ASCA (Markevitch 1996). Because of the high-velocity
impact between groups 1 and 2, the presence of a shock
front is likely and has been predicted by computer simula-
tions (Roe¨ttiger et al. 1993). A2256 is an excellent target for
Chandra. Higher resolution X-ray images and better tem-
perature maps of the A2256 ﬁeld would greatly increase our
understanding of the dynamics of the multiple merger
events that appear to be shaping this system.
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